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FLOW  STRESS  OF  POLYLRYSTALUAE  OF  ALPHA  TITAMIII  |\  IIKPEMIEMK  OF  TIIE 
STHt  CTt  RE  AM*  REFORM  ATION  COMIITIONS 

ANDRZEJ  DZIADOS,  ANDRZEJ  LATKOWSKI 

The  paper  concern'-  (he  investigations  of  the  mechanism  of  pulvrrvslolliia  defnr- 
■n»tion  of  alpha  titanium  in  the  temperature  range  of  600  c.  The  experiment  was 
carried  out  on  iodide  titanium  containing  U.l"„  the  value  is  given  iu  terms  of  equivalent 
oxygen  content  of  interstitial  containuiations  Tin-  mean  size  of  tin-  circular  tint  gram 
of  this  substance  was  within  the  range  of  a. 7  to  I  To  urn. 

It  was  found  that  the  temperature  inliuence  on  the.  values  of  actual  stresses  in  tita¬ 
nium  is  in  good  agreement  with  the  Seeger  model,  tin  tile  basis  of  I  lie  tension  lest  the 
coefficients  k  and  a0  taken  from  the  llall-l’elcli  equation  have  been  derived.  file 
analysis  of  these  coefficients  shows  that  the  initiation  process  of  plastic  deformation  lias 
specific  qualities  which  distinguish  the  momentum  of  plastic  deformation  from  further 
course  of  polycrystal  deformation. 

The  observations  of  structure  dislocations  which  were  carried  oul  on  samples  de¬ 
formed  at  a  rate  of  r  —  3.6  x  I0~*  *-•  allow  to  stale  that  the  dislocations  rouse  tangles 
formation  inside  grains:  systems  of  simple  dislocations  have  been  also  observed.  At 
a  temperature  of  300:C  the  deformation  caused  formation  of  cellular  structure.  At  the 
grain  boundary  the  pile-up  was  not  found,  whereas  in  case  of  microdeformalions  at  the 
grain  boundary  emission  of  partial  dislocations  has  been  observed. 

On  the  basis  of  the  changes  of  the  coefficients  k  and  <?0  from  the  Hall-Fetch  equation 
versus  rate  of  deformation  and  on  the  basis  of  carried  out  observations  of  dislocation 
structures  the  authors  suggest  that  in  the  investigated  temperature  range  the  initiation 
process  of  plastic  deformation  of  alpha  polycrystallinc  titanium  can  be  described  by 
means  of  the  Li  model. 
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1.  Introduction 

The  role  of  one  of  the  parameters  characterizing  the  structure, 
which  is  the  grain  size,  on  the  stress  value  causing  the  plastic  deform¬ 
ation  of  polycrystal  can  be  expressed  analytically  by  the  Hall-Petch 
enuation  C  1 ,2  3  : 


*•  -+■  ko| 


where  S'  -  the  stress  causing  the  given  plastic  deformation,  0^  -  the 
stress  necessary  to  overcome  the  "friction"  to  which  the  moving  dis¬ 
locations  are  subjected  in  the  crystal  lattice,  k  -  constant  representing 
the  resistance  to  the  spreading  of  slide  zone,  d  -  grain  diameter. 

It  was  experimentally  confirmed,  that  the  above  relation  is  satisfied 
by  the  alpha  titanium,  both  in  the  pu1 1  test  C  3,k,5J  and  the  hardness 
measurements  C  6,7,8  j.  The  Hall-retch  relation  for  the  alpha  titanium  is 
interpreted  in  the  literature  by  the  Conrad  model  Such  a  description 

of  the  polycrystal  deformation  process  is  only  a  formal  description  taking 
into  account  only  the  oetermineo  qualitative  relation  between  the  steas 
increase  ana  the  increase  of  dislocation  density.  In  turn,  the  dislocation 
density  oepends  on  the  grain  size.  In  this  way  one  can  make  a  direct 
connection  between  the  stress  value  end  the  grain  size. 

The  mechanism  of  polycrystslline  deformation  in  alpha  titanium,  used 
especially  the  process  of  deformation  initiation,  is  still  unexplained. 

It  is  suggested  that  tht  deformation  initiation  takes  place  through  the 
dislocation  generation  of  the  grain  boundary  (83,  but  at  the  same  time  one 
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doesn't  exclude  the  possibility  of  deformation  propagation  due  to  the 
pile-uns  DO. 

The  still  incomplete  state  of  experimental  data  and  their  controversial 
interpretations  were  the  reasons  for  undertaking  this  work  of  studying 
the  crystalline  deformation  of  alpha  titanium  in  wide  temperature  range 
from  25°C  to  6uU°C.  The  goal  of  this  study  mas  the  attempt  to  determine 
the  mechanism  of  plastic  polycrystalline  deformation  of  alpha  titanium 
with  the  emphasis  on  initiation  of  this  Deformation.  The  experimental 
method  used,  was  the  analysis  of  Hall-Petch  relation  as  a  function  of  de¬ 
formation  for  the  given  temperature  range,  together  with  the  observation 
of  dislocation  structure  changes. 


2.  experiments1  material  and  method 

The  stuoied  m,  terial  was  the  iodine  titanium  made  by  the  Titanium 
Imoerial  Chemical  Industries.  The  amount  of  interstitial  admixture  was 
equivalnet  to  Q.*»  atomic  percent  of  oxygen  (  accoioing  to:  N  =  20, 

C  =  3/^*0  C1U3  ) . 

The  initial  material,  the  roll  stock  ID  mm  in  diameter,  was  pulled 
without  heating  with  the  cumulative  deformation  factor  of  70%.  The 
samples  made  of  it  were  3.b  mm  in  diameter  and  23  mm  length  and  were  heated 
to  recrystalize  in  copper  containers  (  Table  1  ). 

The  puling  tests  were  per'ormed  at  temperature  range  from  25^  to 
600°C,  using  the  strain  testing  machine  "Instron",  equipped  with  high 
temperature,  three-range  even  with  the  argon  atmosphere.  To  extend  the 
renqe  of  testing,  two  deformation  speeds  were  applied:  £  *  3.6  X  10 
sec”  and  Z  *  1.5  X  10  sec”  . 


The  microscopic  studies  ware  performed  using  the  "Neophot  -  2" 
optical  microscope  ano  the  "Teals"  BS  -  613  electron  microscope.  The 


texture  studies  uere  mads  using  the  X-ray  method  and  the  TUR  60  machine. 

3.  Experimental  results. 

3.1  The  structure  of  heated  alpha  titanium 

As  a  result  of  heBting,  five  groups  of  samples  were  obtained,  differ¬ 
ing  in  grain  size  (  Table  1  ).  It  was  determined  that  the  grains  are 
uniformly  distributed  and  have  the  even  axis  character  in  each  group.  The 
grain  size  was  determined  using  the  Jeffries  -  Saltykov  method  as  Quoted 
by  Rys  C11),  as  the  "average  diameter  of  flat  circular  grain".  The 
measurements  were  made  on  the  polished  cuts  alone  and  across  the  sample 
to  be  pu1 i ed . 

The  observation  of  thin  foils  allowed  tc  determine,  that  the  grain 
interiors  and  their  boundaries  are  free  from  fractioning.  A  typical 
picture  of  ^rain  boundary  is  shown  in  Fig  1.  Inside  the  grains,  the  simple 
dislocation  systems  were  found,  typical  to  the  heated  material  (  Fig  2  ). 

The  x-ray  studies  indicate  the  existence  of  ^1  £J  T  oj  structure  in  re- 
crystallized  titaniun.  Fig  3  shows  the  example  of  X-ray  diffraction 
obtained  from  a  sample  with  17.5 y*m  grain. 

The  slip  in  alpha  titanium  is  most  likely  in  (  10T0  ),  £  1210~^  , 

and(lOll)  ^1210^  systems.  The  dislocations  in  these  planes  are  the 
"tree"  dislocation  for  thp(OOOi)  plans.  Thus  tc  determine  the  slip  dis¬ 
location  density,  one  has  to  determine  the  density  of  etched  cavities 
in  the  (D001 )  plane.  From  the  structure  studies  it  follows,  that  the 
(OGOi)  pl^ne  is  parallel  or  only  slightly  deviating  from  the  ssmpla  axis. 

This  is  why  the  etching  was  dene  in  the  samples  axial  planes.  In  reality, 
it  turns  out  tnat  both,  in  fine  anu  coarse  grained  material,  only  feu 
grains  had  the  etching  cavities.  Cass  0^3  determined,  that  the  etching 
of  dislocation  cavities  in  the  (0CL1)  titsnium  plane  takes  place  only  if 


this  plane  forms  the  angle  with  the  cut  plane  not  larger  than  a  feu 
degrees,  figures  4  and  5  show  the  cavities  in  grains  with  the  average 
diameters  of  17.5  and  b4.0  jtm.  Fig  4  shows  also  the  etching  shape  of  the 
(00Q1)  plane.  Thfc  dependence  of  "average  dislocation  density",  that  is, 
the  average  number  of  dislocations  per  surface  unit,  on  the  "average 
circular  diameter  of  flat  grBin"  is  shown  in  Fig  6. 

Summing  the  above  results  concerning  the  structure  of  the  test  material, 
one  has  to  emphasize,  that  as  a  result  of  recrystall ization  one  obtained 
both  types  of  samples,  fine  and  coarse  grained.  That  required  operation 
within  a  wide  range  of  times  and  heating  temperatures.  Cne  has  to  assume, 
that  the  change  of  thermal  processing  parameters  could  have  influence  on 
a  structure  of  grain  boundaries  and  cause  the  differences  in  a  degree  of 
separation  of  interstitial  admixture  atoms  to  the  grain  boundaries  and  dis¬ 
locations.  These  structural  changes  are  always  connected  with  the  recrystali- 
zation  process.  With  the  increase  of  average  grain  diameter  the  dislocation 

density  inside  the  grain  decreases,  and  the  dislocation  density  is  of  the 
B  •  1 

order  of  10  cm  .  The  recrystallzation  twins  or  the  polygonal  systems  were 
not  found  in  the  heated  material.  It  also  didn’t  contain  any  fractionation 
inside  or  on  the  grain  boundaries.  This  is  why  it  can  be  treated  as  a  single 
phase  alloy. 

3.2  The  effect  of  the  grain  size  and  temperature  on  the  stress  values. 

The  depenoence  of  the  stress  on  temperature  and  degree  of  deformation 
are  shown  in  Figs  7  and  b  for  the  fins  ano  coarse  graineo  material.  To 
serrate  this  functional  dependence  from  the  changes  of  elasticity 
modulus  with  temperature,  the  measured  stresses  were  divided  by  the  titanium 
cross  sectional  elasticity  modulus  G  for  the  given  temperature  £132. 
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From  the  curves  it  can  be  seen  that  it  is  possible  to  divide  the  temperature 
range  25e  -  600“  C  into  two  regions:  in  the  first  one  the  stress  is  very 
sensitive  to  the  temperature  chanoes^in  the  second  one  the  temperature  has 
no  effect  on  the  stress.  In  Figs  7  and  6  the  first  region  extends  to 
about  250*0.  The  increase  of  deformation  speed  by  two  orders  of  magnitude 
caused  the  extension  of  the  first  region  to  about  40DcC  (  Figs  9  and  10  ). 

The  Dependence  between  the  stress  and  temperature  is  then  in  agreement  with 
the  classical  Seeger  model  Q4},  which  assumes  that  in  the  case  of  thermally 
activateu  Dislocation  movement,  the  stress  oepenos  not  only  on  the  Dislocation 
structure,  but  also  on  temperature  and  Deformation  speed. 

The  Hall-Petch  graphs  were  made  for  the  stresses  corresponding  to  the 
deformations  6  =  0.0002,  £=  0.02,  £=  0.04,  £  =  0.06  and£*0.16.  These  de- 

pendences,  for  the  deformation  speeds  £ =  1.5  X  10  sec-  and£=  3.6  X  10~  sac 
are  presented  for  2G0cC  temperature  in  Fig  11.  The  values  for  the  k  and  c v0 
coefficients  in  HaH-Petch  equation,  obtained  by  least-square  fitting,  are 
shown  in  Tables  2  and  3.  Qs  it  can  be  seen  (  Fig  11,  Table  2  and  3  )  that 
the  values  of  directional  coefficient  k  and  "friction  resistance"  depend 
o'-  the  deformation  degree  and  temper=ture.  These  relations  are  summarized 
in  Figs  12  through  15.  They  show  (  Fig  12  and  13),  the  dependence  of  K 
coefficient  as  a  function  of  Deformation,  ano  (  Fig  14  and  15  )  the  tempera- 

tore  ue^enOence  of  <£/G  coefficient,  for  the  deformation  speeds  f =  1.5  X 
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lu  sec  ano  c=  j-.b  x  lu  sec  respectively. 


3.3  Structural  studies 

The  observations  of  dislocation  structure  were  conducted  on  the  samples 
with  the  average  orain  diameters  6.7  j, m  and  170.0  yum,  deformed  with  the  speed 
<t  =  3.6  X  10~  sec-  et  temperatures  26° r*  and  300^0.  The  deformations 


of  these  samples  at  25*  C  were  C  =  0.01,  6=  D.OA  and  f  =  O.Ofc,  and  at  300c>C: 

€=  0.02,  6  =  0.0A  and  £  =  0.D6.  The  fine  grained  samples  exhibited  definite 
plasticity  limit.  The  deformation  values  (=  D.01  and  £.=  D.Lj2  were  for 
these  samples  at  the  end  of  the  stretching  plateau. 

Fiy  16  shows  the  characteristic  Dislocation  structures  of  titanium  for 
the  £=  0.01  deformation  at  6b°C,  and  Fig  17  the  structure  at  £=  0.02  at  30Cf  C 
temperature.  The  pictures  show,  that  the  structure  is  characterized  by  the 
tangles  (  Fig  16a  and  17  )  or  by  a  simple  dislocation  systems  (  Fig  16b  and 
16c  ),  no  pile-ups  were  detected.  A  quite  similar  type  of  structure  was 
observed  in  coarse  grained  material  (  Fig  16  and  19  ).  The  grain  boundary 
seen  in  Fig  19  is  almost  perpendicular  to  the  surface  of  thin  foil;  in  rig 
16  it  forms  a  share  angle  with  it.  Fig  16  shows  also  the  Dislocation  di¬ 
poles.  At  the  same  time  the  interaction  between  the  Dislocation  and  the 
grain  boundary  was  observed  (  Fig  16c  ). 

At  the  end  of  the  stretching  g-aph  plateau  the  state  of  titanium  oe- 
fcrr<aticn  is  so  advanced,  that  it  is  difficult  to  separate  the  process  of 
pure  dislocation  generation  at  the  grain  oounoary  from  tne  changes  relatea 
to  the  fact  that  it  also  forms  an  obstacle  for  the  arriving  dislocations, 
horeover,  at  this  deformation  state  the  Dislocation  interact  with  each 
other  inside  the  grain,  which  additionally  complicates  the  interpretation. 

To  obtain  the  darity  of  structural  changes  rel  ateo  to  the  initiation  of 
plastic  deformation  process,  the  microscopic  observations  shodd  be  con¬ 
ducted  for  much  smeller  deformations.  Tn  connection  with  thet,  the  attempt 
was  made  to  observe  the  thin  fads  after  m3  or  odef  Grmati  ons .  A  thin  foil 
of  heated,  fine  grained  titaniur  was  p’eced  In  the  dectron  microscope, 
the  dectron  beam  was  focused  on  1 t  and  at  the  samp  time  the  oeam  intensity  was 
in'r-a-'Bd.  Thip  c-usad  fhe  m3  crcdeformatj  ons  due  tc  the  local  heating.  The 
structjrai  changes  associated  with  such  microde form jtiens  are  shown  in 
Fiy  dii. 


j 
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An  increase  of  the  aet ormation  tc  f  =  0.04  causes  an  increase  in  dis¬ 
location  Density,  wnich  form  tne  characteristic  tangles.  This  is  shown  as 
an  example  in  Fig  21.  The  further  oeformation  at  2b°C  doesn't  change  the 
stxucture  cnaracter,  only  the  dislocation  density  increases  (  Fig  22  ). 

On  the  other  hand,  the  oeformation  beyond  the  stretchinq  graph  plateau 
lead  to  the  formation  of  cellular  structure  at  300°C.  The  formation  of 
cellular  structure  was  nuite  viable  at  £=  0.04,  both  for  the  orain  size 
6.7ypm  (  Fig  23  )  and  for  the  170.0 yum  grain  (  Fig  24  ).  For  the  oeforma- 
tirn  with  £  =  C.08  the  cellular  structure  is  well  established,  which  can  be 
seen  in  rigs  25  and  26. 


4.  Discussion 

The  Fiys  7  through  1^  show  tne  typical  influence  of  tempera ture , de¬ 
formation,  Deformation  speed  ana  the  grain  size  on  the  actual  value  of 
stress  oivioeo  by  the  cress  sectional  elasticity  modulus.  In  the  functional 
dependence  of  & ~/G  with  temperature  one  can  separate  the  thermal  and 
athermal  components  cf<5VG.  During  the  deformation  with  the  soeed  of 
£  =  3.6  X  ID  ^sec  the  value  of  /G  starting  at  ?5G°C  doesn't  change 
for  the  oiven  deformation  and  grain  size.  One  can  then  consider  this 
constant  value  a  '•herbal  one.  At  temperatures  lower  than  25D°C  thE  total 
VG  value  may  oe  treated  as  a  sum  of  two  components;  thermal  and  athermal. 
The  increase  of  oeformation  speed  by  two  orders  of  magnitude  moves  the  range 
of  stress  thermal  component  to  about  4GGCC.  Simultaneously  one  observes 
tne  disappearance  of  straight-line  section  of57G-T  plot  at  higher  deforma¬ 
tions.  This  is  caused  by  the  fact  that  with  thE  increase  of  deformation 
the  free  path  between  the  barriers  in  the  crystal  lattice  decreases,  which 
combined  with  the  deformation  speed,  creates  a  less  favorable  condition  for 
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the  thermal  dis1ocation  activation  to  pass  these  barriers. 

A  similar  dependence  on  temperature  and  deformation  speed  is  observed 
for  the  coefficient  in  Hal  1 -c-'ptch  effect,  ca11ed  the  "friction  resistance" 

(  fig  and  1 5  1  .  In  titanium  with  the  C  10~0.3  structure  the  slip  may 
take  place  in  the  prismatic  system  ( 30] 0 )  Dr  in  the  piramid  system 

(  3  011)  ^T2To'j  (15).  The  small  difference  between  the  critical  stresses 
in  these  systems  causes  that  the  sliH  within  the  stuoieo  temperature  range 
is  pus. ible  in  botn  systems,  uislocations  in  the  prismatic  system  are 
the  "forest"  dislocations  in  tne  piramid  system  anc  reverse.  The  increase 
of  slip  oislccation  oensity  in  one  of  these  systems  causes  the  increase 
of  "forest"  dislocations  in  the  other.  This  causes  the  decrease  of  distances 
between  the  barriers  which  can  be  overcome  by  the  thermal  activation.  The 
increase  of  Deformation  speed  decreases  the  probability  that  the  dislocation 
obtains  the  additions1  enercy  through  thermB1  fluctuation,  sufficient  to 
overcome  this  barrier. 

Another  cl  aractsri  st  5  c  prorerty  of  <57G  -T  plots  is  a  large  difference 
between  the  '  tress  va1ues  corresponoi rq  to  the  deformations  £■  =  0.002  and 
f  =  l,  .02  in  coarse  grained  titanium  (  Fig  o  and  ID  )  in  relation  to  the 
fine  graintu  titanium  (  Figs  7  anu  y  ).  Similarly,  there  is  a  large 
difference  between  the  values  of  coefficient  in  Hall-Petch  equation  for 
uef or matioris  £=  CJ.uiJS  and  £  =  0.U2  (  Fig  14  ana  15  ).  A  large  increase 
in  ^/b  value  in  early  stage  of  def ormation ,  higher  than  in  the  following 
deformation  course,  can  be  associated  with  the  considerable  increase  of 
dislocation  density  at  this  stage  of  deformation  as  eas  observed  bv  Jones 
and  Ccnrati  The  increase  of  OYG  at  the  transition  from  f  =  0.002  to 

t  =  n.r-2  shews  thr  stress  increase  caused  by  this  dislocation  density  increase, 
tn  thH  coarse  drained  materia1  (  Fie  ■  and  1 0  1  this  difference  in  stresses 
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is  very  large.  -t  the  name  Mme,  much  higher  [4j  increase  of  dislocation 
density  in  thp  grained  materia1  causes  neqliqible  stress  increase  (  Fig  7 
and  9  ).  One  c  <n  see,  that  there  is  a  factor  causing  the  increase  of  plastic 
deformation  "start"  stress  in  polycrystal,  with  the  decrease  of  gr<.in  sire. 

The  full  picture  cf  th.is  phenomenon  is  given  by  the  analysis  of 
changes  of  *  coefficient  in  Hall-Fetch  equation  during  the  Deformation 
process . 

It  was  Determined,  that  in  the  entire  range  of  temperatures  from  25°C 
to  5G0C  C  (at  600  0  C  the  HBll-Petch  relation  was  net  satisfied  due  to  the 
recrystall i zation  )  the  veIues  of  k  coefficient  determined  for  the  deformation 
£"  =  0.002,  which  corresponds  to  the  beginning  of  plastic  deformation,  are 
much  hioher  that  the  values  of  these  coefficients  for  £  -  0.02  (  Fig  11, 

TabTe  2  and  3  ).  From  the  data  in  Tabie  2  and  3,  one  can  see  that  the 
velues  of  k  for  £  =  C.0G2  are  about  twice  as  high  than  the  k  values  for 
(  =  0.02.  Next,  with  the  increase  at  the  deformation , the  values  of  k  begin 
to  increase  reaching  at  few  tens  of  percent  deformations  the  initial  values. 
That  is  graphically  presentee  in  Fig  12  anu  13.  Lne  can  see,  that  the 
character  of  k  value  changes  as  a  function  of  Deformation  was  identical  for 
all  temperatures  ana  aeformation  speeds. 

Genes  anu  Conrad  (4)  while  studying  the  iodine  titanium  with  the 

interstitial  admixture  eouivalent  to  0.09%  of  oxygen,  determined  that  the  k 

3 /? 

coefficient  in  HaTl-Petch  relation  reaches  the  value  cf  C.4fc  kG/  mm 
at  (=  0.007,  and  doesn't  chanoe  with  additions1  deformation. 

Comparing  these  dst.s,  which  were  obtained  for  the  hiqh  purity  material, 
obt-ined  by  thf-  mptrod  cf  zene  meltinq,  with  the  present  results,  one  has  to 
conc1ude,  that  '•he  changes  of  k  coefficient  as  a  function  of  deformation  is 
primariTy  determined  bv  the  chemical  composition,  or  mcr^  precisely,  the 
amount  of  interstitial  admixtures. 


Similar  observation  were  made  by  Gupta  anu  Garofalo  £16].  The  ions 
stuaiea  oy  them,  indicated  a  very  high  value  of  ^  (  the  k  value  for  the 
lower  plasticity  limit  )  as  ccmpared  with  the  value  of  k  in  the  Hall-Petch 
relation  obtained  for  £=  0.05  deformation.  By  reducing  the  number  of 
interstitial  admixtures,  they  obtained  the  state  in  which  the  k  value 
reached  the  minimum  for  the  entire  range  of  studied  deformations  (  up  to 
€  =  0.15). 

One  can  assume  with  Cottrell  £.17],  that  the  interstitial  atoms  diffuse 
towards  the  dislocation  sources  and  block  them,  from  the  present  results 
it  foil ows ,  that  in  titanium  the  blocking  of  dislocation  sources  by 
interstitial  admixture  atoms  is  in  close  relation  with  the  grain  size:  the 
smaller  the  grain  the  larger  is  the  blocking  effect. 

One  could  as*  now  new  the  dislocation  sorces  are  unblocked  ano  where 
th^e  sources  are  located. 

From  the  point  of  view  of  theoretical  analysis  of  Hall-Fetch  relation, 
it  is  possible  to  accept  both,  the  Li  model  of  dislocation  emission  from 
the  grain  boundary  £16],  and  the  Cottrell  model  C  19]  which  is  a  mod¬ 
ification  of  piie-up  model  assuming  the  initiation  of  deformation  by  unblocking 
the  sources  inside  the  grains  due  to  the  dislocation  cile-uos.  Cn  the 
one  hand,  the  decrease  of  average  grain  diameter  may  be  connected  with  the 
decreased  distance  between  grains.  This  ceusec  the  increase  of  pile  up 
stresses,  which  jn  turn  will  cause  on  <he  grain  boundary  the  stress  con¬ 
centration  sufficient  to  unbiccK  tne  source  in  the  neighboring  grain.  On 
the  other  hand,  the  decrease  of  grain  diameter  causes  the  severalfold  in¬ 
crease  of  groin  boundary  surface  in  the  fine  grained  material  as  compared 
with  ccarse  grained.  Tu  this  grain  boundary  surface  the  interstitial  ad¬ 
mixture  alums  uittuse  from  the  giain  interior. 


The  problem  cf  admixture  atoms  diffusion  to  the  bounceries  uescribeo 
Uastbrook  C20J.  Saoaral  :  apars  were  c.voted  to  tha  deration  of  Intar 


stitial  atoms  on  grain  boundaries.  Among  them,  Phillips  [212  experimentally 

Determined  the  diffusion  cf  carbon  atoms  to  the  grain  boundaries  in  iron, 

Lat^nision  end  Opperhauser  £22}  the  separation  of  hydrogen  on  grain 

boundary  in  nicke1,  and  Welsh  and  hear  £23}  the  separation  of  boron  in 

nickel  alloy.  Fortes  and  Ralph  £20}  using  the  ion  microscope,  determined 

the  auantitative  change  of  oxygen  concentration  in  iridium  grain  as  a 

functinr  of  distance  from  grain  hcundary.  The  oxygen  concentration  on  the 

grain  boundary  was  six  times  higher  than  in  the  interior,  and  the  separation 

o 

region  was  about  A5G  A. 

In  view  of  these  experiments  one  can  essume,  that  in  the  titanium 
lattice  there  is  also  a  separation  towards  the  grain  boundary,  most  of  all 
for  the  mobile  interstitial  atoms. 

In  connection  with  that,  the  effect  of  large  stress  differences  in  fine 
and  coarse  graineu  material  at  the  point  of  Deformation  initiation 
(  £=  G.GG2  ),  larger  than  for  subsequent  ceformetion,  car  be  connected 
with  the  unbicckina  of  di si cceti cn  sources  on  the  gisin  boundaries. 

Qssumino  acco-dinn  tc  the  Li  mcLe1  (It),  the  same  density  of  potential 
dislocation  sources  on  the  nrain  hcundary,  the  +ot?l  number  cf  si urces  on 
□rain  boundary  un 1 i  be  much  higher  in  Fine  Drained  material.  The  high 
va’ue  of  k  cc  ef’f }  c  1  ant  J-  uai l -"etch  rei  tion  fer  L  =  D.CQ2  resu’ts  from 
unblocKinc  of  larger  number  of  sources  as  finer  grained  the  material  is. 

The  observations  of  cislccation  structure  support  this  model.  Lne  doesn't 
observe  in  the.  stuuieu  material,  flat  dislocation  systems  forming  the  pile-up 
on  the  grain  oounuaries.  At  small  deformations,  both  in  room  and 
elevated  temperatures  the  cislooatidn  angles  form,  and  at  3L'G*C  dne 
observes  at  €  =  0.0A  the  formation  of  cellular  structure.  The  dislocation 


systems  observed  at  £  =  0.0!  anc  at  rcom  temperatures  (  Fig  16)  are  not 
ci’nurs,  pnd  Had  to  sprcuiation  that  they  are  formed  as  e  result  of 
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generation  taking  place  from  the  grain  boundary.  Finally,  for  the  micro- 
deformations  one  observed  the  cases  of  Dislocation  emission  ''rorr  the  grain 
boundary  with  the  formation  of  location  error.  Similar  effect  of  partial 
dislocation  emission  from  the  grain  boundary  under  the  influence  of  the 
electron  beam  w~s  observed  by  wurr  C2'0  on  thin  stainless  steel  foils. 

Number  of  authors  suonest  that  polycrystal  deformation  is  initiated  on 
the  orain  boundaries. 

Uarthington  ant.  Smith  C 2bj  anu  Corringtcn  and  McLean  C27J 
using  tht  cavity  etching  method , experimental] y  Determined  the  dislocation 
generation  from  the  grain  dounuary  curing  the  microdeformation  of  iron- 
silicon  alloy  (  3  -  Si  ) .  Ecigton  ano  Small man  C2o}  observed  the  dis¬ 
location  systems,  curing  the  vanadium  microdeformation,  similar  to  Fig  16c, 
and  interpreted  them  as  an  effect  of  source  activities  on  grain  boundary. 

Van  Thorne  and  Thomas  [29}  using  the  analysis  cf  niobium  dislocation 
structure  sucaest,  that  the  dislocation  sources  in  the  microdeformation 
phase  are  the  arain  boundaries  and  the  sererated  atoms.  Nascanzoni  anc 
puzzi che1  !  C3CQ  on  the  basis  cf  observation  of  Drain  boundaries  in  pure 
ai-ha  iron,  sucnest  th--  existence  cf  1  rank-!Jead  sources  do  bcundaries. 
thomi/son  £213  on  the  basis  of  studies  of  grain  boundaries  in  nickel  sub¬ 
jected  to  small  deformation  (£  =  O.QLj2  )  suggests  that  the  observed  loops 
could  be  the  dislocation  sources. 

MccorainL,  to  the  classical  Li  model  Cl  o } ,  the  dislocation  generation 
from  tht  grain  uLunuaxieS  tCK.es  place  only  in  the  initial  deformation 
stage.  The  fuxther  increase  of  dislocation  density  is  realized  by  the  sources 
acting  inside  the  grain.  The  grain  bcundaries  limit  the  dislocation 
movement.  This  shows  up  in  the  systematic  increase  of  k  coefficient  with 
thp  deformation  increase,  starting  ml th  £  =  0.G2,  and  also  in  the  changes 


of  dislocation  structure.  The  thin  foils  in  addition  to  the  considerable 
increase  of  dislrcation  density,  shov  the  concentration  of  dislocations  on 
the  qrain  boundaries  and  the  interactio  of  ’attice  dislocation  witn  these 
boundaries.  Similar  increase  of  k  ccefficient,  after  reaching  the  local 
minimum  u,as  determined  among  others  by  Coleman  and  Haroie  £32}  on 
iirKonium  anc  umar  anu  Entu-isbe  [33}  for  niobium. 

ms  a  consequence  of  conouoteu  stuoies  anu  the  above  Discussions,  it  is 
justifieo  to  propose  the  oesoription  of  polyorystal line  Deformation  of  alpha 
titanium  by  the  Li  model  of  Dislocation  operation  from  the  grain  boundary. 
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Heatin^  cuncitions  anu  LOtaing-  -,rain  size 


1  -  temperature,  2  -  heating  tirre,  3  -  the  uiarrieter  of  circu1ar 


flat  grain. 
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Fig.  5 


Fig.  6 


Fig  b.  Etching  cavities  in  (0001  •  plane 

urain  oiamctar  64.0  ^  <r .  Magnification  loOOX. 


Fig  b  uislocation  censity  crossing  the  (0001)  plane  as  a  function  of 


grain  slit 


Fig  7.  Influence  of  temperature  on  O' /G  value  for  titanium  with  the  average 
grain  size  e.7^m.  Deformation  speed  c®  3.6  X  10~l*sec  .. 


Fig  fa.  Influence  of  temperature  on CT/G  value  for  titanium  with  the  average 
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Fig  11.  Hell-Petch  relation  for  the  20D°C  temperature.  Oeformaticn 
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Table  3.  The  values  of  k  and<^  coefficients  from  the  Hall-Fetch  relation 
together  with  their  standard  deviation  S,  and  and  the  correlation 
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Table  3.  The  values  of  k  and<^  coefficients  frorr  the  Hall-Petch  relation 

together  with  their  standard  deviation  S,  and  S  ano  the  correlation 
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Fiq  73.  Tnfluence  of  deformation  ratio  on  the  vaJue  of  k  coefficient, 
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Fig  14.  Temper c tore  dependence  of  CT/b  coefficient.  Deformation  speed 
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Fig  17.  structure  of  dlpha  titanium  uith  the  grain  size  of  o.  /  ji m. 
deformation  at  3U£j“  C. 

Fig  lb.  Structure  of  alpha  titanium  with  thE  grain  size  17Dy£m,  f= 
deformation,  at  2^c  C. 


Fiq  19.  Structure  of  alpha  titanium  u'ith  the  Drain  size  170. Oum, 
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Fiq  PC.  Thp  r;rMn  boundary  in  alpha  titanium  after  rricrDPeformation 
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fiq  PI  .  r-truct,ure  of  aTpha  titanium  with  the  P,.7yum  grain  size,  C  * 
deformation,  at  2b'*  H. 

Fig  c'2.  btructure  of  alpha  titanium  with  thE  c.V grain  size,  €  - 
aef oi motion ,  at  L. 
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Fig  23.  Structure  of  alpha  titanium  with  l-  .7  grain  size,  f*  O.D<* 
deformation  at  300“  C. 

rig  ?L .  Structure  of  alpha  titanium  with  the  l7D.Dy^m  grain  size,*"  =  0.0*» 
deformation  at  3rn''r. 
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Fig.  25 


Fig.  26 


Fiq  ??.  Structure  of  alpha  titanium  with  6.7 jjn.  the  Grain  size,  £  =  O.Qo 
def'orrrption  at  300*'  C. 

1  ig  26.  structure  of  alpha  titanium  with  170.0  Pm  grain  size,£  =  O.Dc 
deformation  at  SOu^C. 
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